Thirty samples of ants were taken in each of seven habitats: primary forest, rubber plantation, coffee plantation, oilpalm plantation, kunai grassland, eucalypt savannah and urban grassland. Sixty samples were taken in cocoa plantations. A total of 156 species was taken, and the frequency of occurrence of each in each habitat is given. Eight stenoecious species are suggested as habitat indicators. Habitats fell into a series according to the similarity of their ant faunas: forest, rubber and coffee, cocoa and oilpalm, kunai and savannah, urban. This series represents an artificial, discontinuous succession from a complex stable ecosystem to a simple unstable one. Availability of species suitably preadapted to occupy habitats did not appear to limit species richness. Habitat heterogeneity and stability as affected by human interference did seem to account for inter-habitat variability in species richness. Species diversity was compared between habitats using four indices: Fisher et al.; Margalef; Shannon; Brillouin. Correlation of diversity index with habitat heterogeneity plus stability was good for the first two, moderate for Shannon, and poor for Brillouin.
Introduction
The importance of ants in many tropical ecosystems has long been recognized (Wheeler 1910) , and there have been a number of cases in which ants have been used to control pests of tropical crops (Groff and Howard 1925; Meer Mohr 1927; Bruneau de Mire 1969; Stapley 1971) . Recently, interest has developed in the general principles governing interactions between ants and tropical tree crops, and ways in which those interactions can be manipulated (Room 1972; Leston 1973) . The study reported here was concerned with description and analysis of the groundforaging components of the ant faunas of a variety of habitats ranging from primary forest to urban grassland. Its principal objective was to examine the extent to which ant faunal diversity was a function of habitat heterogeneity as affected by human interference.
Study Area and Habitats

Study Area
Field work was carried out around Popondetta (148'14'E., 8'45's.) in the Northern District of Papua New Guinea. Fig. 1 shows the major localities in the area, and the position of the area in relation to the whole of the island of New Guinea. All samples were taken within or very close to the triangle subtended by Saiho, Lego and Girua with the exception of those taken in the eucalypt savannah grassland in the hills immediately to the south of Oro Bay. The above triangle is located on the gently sloping outwash plain to the north of Mt Lamington. Numerous steepsided stream valleys dissect this plain, and the black sandy soil is very well drained. Much of the primary, evergreen rain forest is still standing in the Northern District. Dotted about on the outwash plain are a number of quite extensive grassland 'islands', while near human settlements and particularly along roads there is a patchwork of secondary forest, food garden clearings, and cocoa, coffee and rubber plantings.
Popondetta has an average annual rainfall of 2425 mm. Monthly mean rainfall and daily sunshine are given by Room and Smith (1974) . June, July and August of each year are usually relatively dry, but not so dry that lack of water limits plant growth. Rainfall increases inland towards Mt Lamington and the Wharton Range, and decreases towards the coast. No figures are available, but residents believe that Saiho has a little more rain than Popondetta, while Oro Bay has a great deal less. Mean maximum and minimum temperatures at Popondetta are 32 and 22°C I 2 " C (7-y means). Haantjens (1964) gives more detailed information on geology, soils, climate and vegetation in the study area.
Habitats
Primary forest. Anisoptera kostermansiana Dilmy-Pometia pinnata Forst. F. association (Taylor 1964) . A, B and C storey trees were present, with great diversity of species. The herb layer was sparse and contained many tree seedlings. Leaf litter and rotting wood were abundant on the ground. Light intensity was generally less than 1 % of outside light and the microclimate was warm, humid and stable.
Rubber plantation. The rubber trees were between 15 and 25 y old and most had a low C storey of young cocoa trees, bananas or rubber saplings beneath them. Light penetration through the rubber canopy was greater than in the forest and consequently there was a denser layer of herbs on the ground. Pathways were kept clear along the rows of rubber trees for tapping, and periodically bush regrowth between rows was cut back. Leaf litter was present on the ground, but not to such a depth as in the forest.
Cocoa plantation. The cocoa trees and the most commonly used shade tree, Leucaena leucocephala (Lam.) de Wit, formed a single C storey canopy in most of the plantations, but in a few others Erythrina spp., coconuts or thinned forest trees formed a thin B or A storey above the cocoa. Light penetration to the ground was generally less than in the rubber but more than in the forest. A thick layer of leaf litter was usually present, and in places where the canopy was thin there was a moderately dense herb layer. Room and Smith (1974) give a detailed account of this cocoa ecosystem.
CofSee plantation. Most of the robusta coffee formed a dense C storey canopy beneath scattered Albizia falcataria (L.) Fosberg or Leucaena leucocephala shade trees. Light penetration was very low and the herb stratum consisted almost entirely of seedling coffee trees. A thick layer of wet leaf litter was usually present.
Oilpalm plantation. Oilpalm is grown without top shade, and, though more light penetrates the canopy than in cocoa plantations, the ground in the two oilpalm blocks sampled was mostly bare because of frequent weeding. Each block was 19 by 17 palms in size and it is probable that microclimatic conditions within the blocks were not as stable as they would be in more extensive plantings.
Kunai grassland. Imperata cylindrica (L.) Beauv.-Saccharum spontaneum L. alliance (Taylor 1964 ) is maintained as a disclimax by annual burning. Mature stands are up to 3 m in height. Temperatures in full sunlight are very high at 1 m, but lower on the ground due to shading by the tall grasses which tend to lodge. Soil between the grass stems is usually bare.
Eucalypt savannah grassland. This is a Themeda australis (R. Br.) Stapf.-Imperata cylindrica alliance (Taylor 1964) which is regularly burned. There are some scattered thin stands of Eucalyptus tereticornis Sm. and the grass is generally below 1 . 5 m in height. The rainfall in this habitat is significantly less than in the others.
Urban mown grassland. This is dominated by Chrysopogon aciculatus (Retz.) Trin. and repeatedly cut down to 2 cm in height. Playing fields, an airstrip and garden lawns were sampled. Table I summarizes the main components of each of the above habitats, and for the purpose of later discussion indicates the comparative diversity of the ground ant fauna to be expected in each. These latter projections are based on the hypothesis that faunal diversity is a function of habitat : age by area by heterogeneity by microclimatic stability. The first two factors, and a factor 'availability of suitably preadapted species' which could not be estimated, relate to the number of species successfully invading a habitat. The latter two factors relate to the carrying capacity of the habitat, and themselves vary as some inverse function of the 'degree of repeated human interference'. With the exception of the forest, each of the habitats is maintained as a disclimax by man: rubber, cocoa and coffee by infrequent bush regrowth clearance; oilpalm by regular weeding; kunai and savannah grassland by annual burning; urban grassland by frequent mowing. 
Sampling Methods
Thirty samples were taken in each of the habitats except cocoa plantation, in which 60 were taken as part of a more detailed study of the ground and canopy ant faunas. For the sake of the present study these 60 have been split into two groups of 30 each (cocoa 1 and cocoa 2) so that nine sets each of 30 samples were taken in all.
In order to minimize the effects of variables extrinsic to the various habitats, each sample was taken: (1) between 0900 and 1100 h; (2) when the sun was shining; (3) well away from the edges of habitats; (4) only in areas of mature habitat. To ensure independence of each sample, no two samples were taken closer together than 30 m and, with the exception of samples in the oilpalm habitat, no more than five were taken in the same discrete area of habitat. There were only two blocks of mature oilpalm present in the Northern District, so 15 regularly spaced samples were taken in each.
Samples were taken by placing a 1-m2 quadrat on the ground. Specimens were collected of every ant species seen on the ground, among loose dead leaves on the ground, or climbing on the herb stratum within the quadrat, in a 10-min period. Many specimens of easily confused species were taken, and if a recognized species was missed in the first 10 min an extra 2 min were allowed for its possible capture. All specimens were killed by dropping into 70% alcohol and were identified in the laboratory by use of a reference collection. A list was made of the species present in each sample.
All names, letters and numbers used to designate ant species in this paper are those in current use by the Papua New Guinea Department of Agriculture, Stock and Fisheries (D.A.S.F.) Central Insect Collection, and the Australian National Insect Collection.
Results
The frequencies of occurrence in the various habitats of the 156 species of ant taken in the 270 samples are shown in the Appendix. Those species which occurred in one-third or more of the samples from any habitat are (asterisk indicates dominant species) : 
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Faunas considered as whole units may be compared according to a number of criteria. The results of several different analyses of similarities and differences between the faunas of the habitats are reported below under separate headings. Table 2 . Numbers of ant species occurrences common to different habitats, and the percentage similarity of habitats Occurrences, upper right; percentages, lower left, expressed as 100 x [(2 x number of occurrences common to both)/(sum of occurrences present in each)]. Abbreviations: F, forest; R, rubber; C1 and C2, cocoa; Cf, coffee; 0 , oilpalm; K, kunai; S savannah; U, urban
Species Composition
The frequency of occurrence of a species in the 30 samples from a habitat was taken as the importance value for that species in that habitat. Habitat faunas were compared by summing the importance values common to a pair of habitats, multiplying by 200, and dividing by the sum of all the importance values for the two habitats. Table 2 shows importance values common to all pairs of habitats, total importance values for each habitat (on the diagonal), and calculated percentage similarities. Fig. 2 . Web diagram of those habitats which had ground-foraging ant faunas more than 25% similar in Table 2 .
The cocoa 1 and cocoa 2 faunas had a similarity of 54%, suggesting that faunas with a similarity of more than about 50% under the conditions of the study were essentially identical. Thus, faunas having a similarity of 25 % or more were more similar to each other than dissimilar. Fig. 2 shows faunas more than 25% similar as linked together. There was a gradation in faunal composition between the forest habitat and the eucalypt savannah, while the urban grassland fauna was linked to no other fauna. Table 3 . Indicators of species richness according to habitat Thirty samples each from 1 mZ of ground were taken in each habitat. For abbreviations, see Table 2 No. of species 
Species Richness
Three kinds of species richness could be defined for the data gathered: the mean number of species present in l m2; the total number of species present in 30 independent 1-m2 samples; and the total number of species present in 30 samples divided by the total importance values for the samples. Table 3 shows these measures of species richness for each habitat. The habitats rank into different orders depending on the expression of species richness used. Only the differences between the mean number of species per sample can be checked for significance (Table 4) . Habitats having no significant differences between their means in Table 4 are shown linked in Fig. 3 (mean for the cocoa habitat taken as 4.15). Table 4 . Levels of significance below 5 % for the differences between mean number of species per sample shown in Table 3 For abbreviations, see Table 2 Fig. 3. Habitats linked together which have no significant difference between mean number of species per sample in Table 4 .
Diversity
Species richness and the distribution of individuals among species are the two components of indices of diversity. Some indices assume the form of the distribution of individuals among species and utilize the number of species (S) and the number of individuals (N) only as inputs for calculation: the a of Fisher et al. (1943) and the D' of Margalef (1968) . Other indices are based on the information content of a sample and incorporate the observed distribution of individuals among species in their calculation: the H' of Shannon (1948) and the H of Brillouin (1962) .
There is some doubt as to the practical value of some diversity indices (Gillon and Pernes 1970; Bullock 1970) , so it was decided to calculate each of the above indices for each of the habitats (Table 5 ). a was estimated using fig. 94 in Southwood (1966) , while the other indices were found using the equations:
where c = 3.321928 (the conversion factor to change the base of logarithms from 10 to 2) and ni = the importance value of the ith species. Table 1 in Lloyd et al. (1968b) was used to assist calculation of H' and H.
Equitability
The evenness or equitability of the apportionment of importance values among species in the different habitats was compared by finding for each habitat (Table 5) the ratio E = S'IS, where S t is the number of species in a MacArthur's broken stick model with maximum equitability necessary to give a species diversity equivalent to the observed one, and S is the actual number of species in the habitat.
S' was found by substituting the information function H' calculated previously into table 22 in Southwood (1966) , which shows the diversity in terms of the information content associated with different numbers of species in MacArthur's model. 
Dominance Pattern
There are always a few species present in the ant fauna of a tropical tree crop canopy which dominate all the others in terms of density of foraging individuals. Colonies of these dominant ants generally maintain foraging territories exclusively free from individuals from other colonies of the same or different species of dominant ant, though some cases of codominance are known (Strickland 1951; Way 1953; Greenslade 1971; Room 1971; Majer 1972; Leston 1973) . To test whether a similar mosaic pattern of ant territories was present on the ground in the habitats investigated, associations between species taken five times or more in each habitat were analysed using an unmodified x2 method (Room 1971) . Positive associations found to be significant are shown in Fig. 4 , and significant negative associations in Fig. 5 .
Discussion
The D.A.S.F. collection of Papua New Guinea ants contains more than 570 recognized species at the time of writing. Most of these were collected in the Central, Northern, Morobe and Manus Districts over a 2-month period by B. B. Lowery and over an 18-month period by the author. Species new to the collection continue to be discovered regularly in the above Districts, while more than half the country remains to be covered by collecting. It seems likely that the ant fauna of Papua New Guinea totals over 1000 species, so that the 156 species taken in the present study represent less than 20 % of it. The great majority of species listed in the Appendix nest at ground level, usually in dead wood, and forage at ground level only. Some species such as Oecophylla smaragdina and Crematogaster spp. R117, R118 and R136, nest arboreally and forage to some extent on the ground. Ground-nesting species which forage in trees were generally absent, as recorded by Wilson (1959) . A notable exception was Anoplolepis longipes, which nested under leaf litter or in holes in the ground, and foraged over the surface of everything within its territories, including forest trees if present.
A, longipes---------Paratrechina s p . R 2 1 7 ---------
Sampling was of presence or absence over a period of time, so frequencies in the Appendix refer to foraging territories rather than to individuals. It may be helpful t o think of ant colonies as 'superorganisms' for the remanider of this discussion.
The list on p. 75 shows that some of the common species of ant, such as Brachyponera croceicornis, were euryecious, while others, such as Aphaenogaster perplexus, were stenoecious. Strictly stenoecious species which are abundant in the habitat in which they occur make useful indicators of the nature of the habitat from which a collection was made. The secondlist shows strictly stenioecous species, and combinations of less stenoecious species, which could be used as indicators for the habitats, or combinations of habitats, investigated. Few of the species which act as dominants are stenoecious and this supports the contention (Room 1971 ) that lack of ecological specialization and dominance are correlated. Table 2 and Fig. 2 show that the order of the habitats arranged according to similarity of faunal composition closely resembles the order of the habitats ranked according to expected ant diversity (Table 1) . These orders can best be interpreted as showing the relative positions of the habitats along an artificial, discontinuous succession from a simple unstable ecosystem (urban grassland) to a complex stable one (rain forest).
The number of species taken in a sample may be considered to be determined by sample size and the factors affecting diversity mentioned earlier. Sample size was constant throughout, so values for the mean number of species per m2 and the total number of species in 30 samples (Table 3) are measures of species richness at different size scales comparable between habitats. The forest habitat, for example, with its large size, old age and presumed saturation of ant niches, had a mean of 4.57 species per m2. This should be a measure of mean ant niche hypervolume available, or heterogeneity, on the small scale in the forest. It is not strictly a measure of heterogeneity in 1 m2 of the habitat, because heterogeneity of the surroundings will have partly determined the species taken.
Since tropical rain forest is the one habitat in which all the factors presumed to affect diversity are maximal, this figure of 4.57 should also be an estimate of the mean maximum number of ant foraging territories it is possible to have overlapping at one point in space and time. Additional evidence for this hypothesis is the mean number of 4.65 for overlapping territories in the canopy of 'cocoa forest' (sensu Leston 1970) in Ghana (Room 1971) . The term 'mean maximum' is used because the actual number of non-dominant species able to forage in the territory of a particular dominant ant appears to be correlated with the specialization of the dominant (Room 1971) .
However, Table 3 shows that both kunai and savannah grasslands had a higher mean number of species per m2 than did forest. Though the same 1-m2 quadrat was used in all habitats, sample size in the kunai and savannah could be considered larger than in the other habitats because of the additional foraging area provided by the tall grasses. In addition, when the grasses lodged two separate microhabitats were effectively formed: the shaded, relatively cool and humid soil surface, and the insolated, hot, dry, horizontal grass stems and leaves. Polyrhachis spp. R90, R110, R129 and R281 were rarely taken on the ground, for example, while Iridomyrmex cordatus was almost never taken climbing grass stems. Hence the unexpectedly high values for kunai and savannah may have resulted from the unintentionally greater volume of samples, and the two microhabitats, rather than one, sampled. If the component of diversity, 'availability of preadapted species', were maximal for each of the habitats as for the forest, then comparison of the order of habitats ranked by the other assumed components of diversity with the order of the habitats ranked by ant species richness (Table 4 and Fig. 3 ) might suggest which of the other components was most important. Comparison of Fig. 3 with Table 1 does not suggest association of species richness with any single component of diversity even if the positions of kunai and savannah are ignored. The linkage of forest, rubber and cocoa (Fig. 3) suggests that the lesser age and area of the rubber and cocoa do not significantly reduce species richness as compared with forest. That is, heterogeneity plus stability (or ant niche hypervolume) and availability of preadapted species must be very similar for the floors of primary forest and cocoa and rubber plantations. The linking of oilpalm, coffee and urban habitats does not correlate with any of the components in Table 1 except herb diversity, which is low in all three. Diversity of herb species may affect ant diversity through diversity of honeydew sources such as extrafloral nectaries and relatively host-specific Homoptera. The link between rubber and urban is inexplicable except to suggest that availability of preadapted species may be independently similar for both habitats. The age of the grasslands in the Northern District is not definitely known, but they probably originated with the arrival of man many thousands of years ago. Because of this, the availability of species to invade the new urban grassland habitat might be greater than the availability of species to invade the new coffee and oilpalm habitats. Further, the age and large extent of the grasslands might partly account for the positions of kunai and savannah in Fig. 3 .
The total numbers of species taken in each habitat (Table 3 ) enable a comparison to be made between the total species richness of the various habitats. The values for kunai and savannah may be erroneously high, but even so the agreement between the order of habitats ranked by large-scale species richness and by expected ant diversity (Table 1) is striking. This suggests that availability of preadapted species is not a significant factor in determining species richness at the larger scale, while habitat heterogeneity plus stability are. Further, the equal values for forest and rubber, and the high values for cocoa, in Table 3 suggest that tree diversity is not a major factor in determining ground ant diversity.
The ratio of the total species in 30 samples to the sum of importance values compares heterogeneity plus stability at the 1-m2 scale with that at the larger scale if other factors affect species richness at both scales equally. Thus, the coffee habitat has the greatest range of floor microhabitats from place to place, while the urban grassland has the least. The relative values given in Table 3 correlate well enough with subjective impressions of the variability of the habitats: coffee, rubber and cocoa seem to have less uniform floor coverings than forest; forest appears to have a less uniform floor than the weeded ground under oilpalms; this seems less uniform than annually burnt grassland; and this is less uniform than regularly mown grassland.
The indices of diversity in Table 5 allow the habitats to be ranked into different orders (Table 6 ). Each index gives rubber the highest, urban the lowest, and oilpalm the next to lowest diversity. Between the extremes of rubber and oilpalm the orders of habitats according to the Fisher and Margalef indices agreed best; the only difference being in the relative positions of cocoa and coffee. The order according to the Shannon index differed from the Margalef index order in the positions of savannah and cocoa 2, and from the Fisher index order in the positions of savannah, coffee and cocoa 2. The order according to the Brillouin index differed greatly from all the other three orders. Comparison of Table 6 with Table 1 shows that the Fisher and Margalef indices arrange the habitats into the most readily comprehensible order. The lesser diversity of the forest fauna compared with the rubber fauna was not entirely unexpected. Margalef (1968) noted that species diversity is sometimes greater in the less mature stages than in the final stage of a succession. The Shannon and Brillouin indices do not rank the habitats into orders which are completely sensible in terms of any of the information in Tables 1 and 3 . It can only be assumed that the MacArthur's broken stick model basis for these indices is not entirely appropriate to the present study, and that the Brillouin index suffers from some additional impediment to its usefulness. Both Gillon and Pernes (1970) and Bullock (1971) concluded that the Fisher index was useful and the Shannon index useless in their cases. The former authors did, however, find the index of equitability derived from the Shannon index to be of value.
Clearly, if the MacArthur model is to some extent inappropriate, values of the equitability index in Table 5 and the ranking of habitats in Table 6 should be regarded with suspicion. It is noteworthy that the value of 1.103 for the rubber habitat exceeds the conjectured 'ecological maximum' equitability of 1 . 0 of Lloyd and Ghelardi (1964) . Also, the forest, which should have the greatest equitability because of its 'maturity' (Goulden 1966) , is surpassed in Table 6 by most of the other habitats. Lloyd et al. (1968~) suggested that random, intense rainfall might have caused instability of a forest floor environment in Borneo, causing a low equitability value observed for herptiles. No such factor could possibly be suggested to account for the low position of forest in the last column of Table 6 . However, if the basis for use of the equitability index is not entirely wrong, it could be that differences between the indices for the various habitats are not significant. In that case, the order in the last column of Table 6 is meaningless, and the high index value for all the habitats simply 'reflects the extreme efficiency of the Formicidae in utilizing even young disturbed habitats. The factors causing the mosaic-type dispersion of dominant ants might have given rise to the high equitabilities found in the study. In particular inter-and intraspecific territoriality might be involved. Tramer (1969) and Kricher (1972) found that equitability among bird populations increased during the breeding season when territoriality increased.
Figs 4 and 5 give information on territoriality among ants in each habitat as described by the frequencies of joint occurrence in samples. Time did not allow greater numbers of samples to be taken from each habitat and the data gathered enabled positive and negative associations to be detected between particularly abundant species only. Nevertheless, such associations were found in every habitat, though they give but a glimpse of the true complexity of the organization believed to exist in the various ant communities.
Sampling minimized, as far as possible, effects of variables extrinsic to the habitats. In a relatively uniform habitat the most important variable affecting the distribution of any species of ant is that of the (other) dominant ants in the habitat (Way 1953; Greenslade 1971 ; Room 1971 ; Majer 1972; Leston 1973) . Figs 4 and 5 support this generalization in that almost every chain of negatively associated species contains at least two dominants, while every chain of positively associated species contains but one dominant. Fig. 5 confirms that dominant species have mutually exclusive distributions no matter in which habitat they come into contact. That is, their niches appear to overlap a great deal.
It is pertinent to mention here the similarity between the results of recent work on relative distributions of tropical ants and of birds (Lack 1971) . In both cases the animals occupy three-dimensional environments which they split into horizontal and vertical compartments. Nest sites do not seem to be limiting for the ants, nor for the birds (Edington and Edington 1972) , but food supply does appear to be limiting for both. Temporal isolation of feeding among birds is not a common phenomenon, though it does occur as between hawks and owls; among ants temporal isolation is more widespread possibly because of lesser dependence on sight. The most important mechanisms reducing competition for food among birds have been radiation in size and beak shape. An analysis of the distribution by size and mouthpart structure of the ant species in communities associated with different dominants in the same habitat might clarify the nature of ant community structure.
With reference to tree crops, their faunas contained elements from both of the older, more extensive habitats in the area: forest and grassland. Species richness and diversity fell between the extremes for forest and grasslands in the cases of cocoa and coffee. The oilpalm fauna seemed to be impoverished by the effects of intensive human interference, while the rubber fauna appeared to have the high diversity which has been observed before in immediately preclimax stages of ecological succession.
